Extracellular freezing in plants results in dehydration and mechanical stresses upon the plasma membrane. Plants that acquire enhanced freezing tolerance after cold acclimation can withstand these two physical stresses. To understand the tolerance to freeze-induced physical stresses, the cryobehavior of the plasma membrane was observed using protoplasts isolated from cold-acclimated Arabidopsis thaliana leaves with the combination of a lipophilic fluorescent dye FM 1-43 and cryomicroscopy. We found that many vesicular structures appeared in the cytoplasmic region near the plasma membrane just after extracellular freezing occurred. These structures, referred to as freeze-induced vesicular structures (FIVs), then developed horizontally near the plasma membrane during freezing. There was a strong correlation between the increase in individual FIV size and the decrease in the surface area of the protoplasts during freezing. Some FIVs fused with their neighbors as the temperature decreased. Occasionally, FIVs fused with the plasma membrane, which may be necessary to relax the stress upon the plasma membrane during freezing. Vesicular structures resembling FIVs were also induced when protoplasts were mechanically pressed between a coverslip and slide glass. Fewer FIVs formed when protoplasts were subjected to hyperosmotic solution, suggesting that FIV formation is associated with mechanical stress rather than dehydration. Collectively, these results suggest that cold-acclimated plant cells may balance membrane tension in the plasma membrane by regulating the surface area. This enables plant cells to withstand the direct mechanical stress imposed by extracellular freezing.
Introduction
During winter, plants growing in temperate and frigid zones must withstand cold temperatures and freezing.
As a survival strategy, such plants can acquire resistance to the freezing that occurs when air temperatures decrease in mid-fall and early winter. This phenomenon, known as cold acclimation, is associated with dynamic physiological changes within plant cells (Levitt 1980) . The most important role of cold acclimation is to enable plant cells to tolerate freezing of extracellular water. When extracellular water freezes, plant cells are subjected to dehydration by ice formation (dehydration stress), and are also pressured by the solid ice crystals that form outside the cell (mechanical stress). During cold acclimation, various genes are expressed and enzymes are activated, which enable the biochemical and morphological changes that lead to acquisition of resistance to the mechanical and dehydration stresses of extracellular freezing (Thomashow 1998) . Genetic information on cold acclimation continues to accumulate, but the mechanisms of tolerance to freezeinduced dehydration and mechanical stress remain unclear.
The plasma membrane is thought to be the primary site of injury induced by extracellular freezing (Steponkus et al. 1993) . Several studies showed that when freeze-induced dehydration causes the plasma membrane and the internal endomembranes to come into close apposition, both membranes undergo a transition from lamellar (L a ) to hexagonal II phase (H II ). The membranes subsequently fuse, causing irreversible injury. This phenomenon was observed in protoplasts prepared from non-acclimated leaves (NA-protoplasts) of winter rye, spring oat and Arabidopsis (Steponkus et al. 1993 , Webb et al. 1994 , Uemura et al. 1995 . In another case, endocytotic vesicles formed during freeze-induced dehydration in NA-protoplasts of winter rye. This phenomenon was visualized using bright-field microscopy with a computational edge-enhancement technique (Dowgert and Steponkus 1984) . During subsequent thawing, the endocytotic vesicles were not incorporated into the plasma membrane. Consequently the protoplasts lysed during osmotic expansion after thawing of the suspension buffer, which is referred to as expansion-induced lysis (EIL) (Gordon-Kamm and , Uemura et al. 2006 ). The L a -H II phase transition and EIL are freezeinduced lesions particularly observed in the NA-protoplasts of winter rye and Arabidopsis (Steponkus et al. 1993 , Uemura et al. 1995 , Nagao et al. 2008 ).
In protoplasts isolated from cold-acclimated leaves (CA-protoplasts) of winter rye, many filiform projections developed on the surface area of protoplasts, referred to as exocytotic extrusions Steponkus 1984, Steponkus et al. 1988) . Exocytotic extrusions appeared even in the NA-protoplasts of winter rye by artificially increasing the proportion of di-unsaturated species of phosphatidylcholine, the proportion of which increases in the plasma membrane during cold acclimation in spring oat, winter rye and Arabidopsis (Steponkus et al. 1993 , Uemura et al. 1995 . Exocytotic extrusions may be associated with the physicochemical features of lipid composition in the plasma membrane Lynch 1995, Steponkus et al. 1993) . Exocytotic extrusions are believed to enhance freezing tolerance of CA-protoplasts as a way to avoid EIL, because the extrusions are reversible and can be reincorporated into the plasma membrane during thawing of the suspending buffer (Dowgert and Steponkus 1984) .
On the other hand, the contribution of exocytotic extrusions to freezing tolerance is not fully understood, because exocytotic extrusions can detach during osmotic dehydration (Dowgert et al. 1987) . In addition, the brightfield microscopy technique has certain limitations, in that the images contain very complex information that relates to various cellular membranes and structures. In the past 10 years, new techniques to visualize the plasma membrane have been developed for use in animal cells, fungi and also plant cells using lipophilic fluorescence FM dyes. The first use of FM dye, specifically FM1-43, was in vertebrates to visualize the uptake and release of synaptic vesicles at the terminal end of the motor neuron depending on the action potential (Betz et al. 1992) . FM dyes have also been used to analyze the dynamics of the plasma membrane in plant cells (Bolte et al. 2004) .
In this study, we determined the behavior of the plasma membrane of CA-protoplasts of Arabidopsis during extracellular freezing using a lipophilic fluorescence dye, FM1-43, and confocal fluorescence cryomicroscopy. The observations revealed an interesting new phenomenonthat freeze-induced vesicular structures (FIVs) appeared immediately after the ice crystals came into contact with the surface of CA-protoplasts. We propose that FIVs are derived from the plasma membrane, because the increase in FIV area corresponded approximately to the decrease in the protoplast's surface area as the temperature decreased. Our observations suggest that plant cells use surface area regulation (SAR) to loosen the mechanically stressful deformation of the plasma membrane induced by ice crystal growth during freezing. This means that the cells of coldacclimated plants actively protect the plasma membrane from freezing stresses. Based on these results and those in the literature, we discuss membrane dynamics at freezing temperature in detail.
Results

Visualization of cryobehavior of the plasma membrane in CA-protoplasts
To study the morphological changes in surface area of living plant cells during extracellular freezing, we used a lipophilic fluorescence dye, FM1-43, and cryomicroscopy to visualize the plasma membrane of CA-protoplasts isolated from Arabidopsis leaves. Our cryomicroscope system is composed of a confocal microscope with a disc-scanning unit and a cooling stage unit. The protoplasts in suspension buffer were attached on a polylysine-coated coverslip and were then set on the cooling stage (see Materials and Methods) . The side of the protoplast opposite to that attached on the coverslip is designated as the top surface of the protoplast (see an illustration in Fig. 8A ).
In CA-protoplasts, FM1-43 fluorescence was emitted from the plasma membrane and some endomembranes before freezing (Fig. 1A, C) . When the protoplast Fig. 1 FM1-43 fluorescence of protoplasts isolated from leaves of cold-acclimated Arabidopsis before and after extracellular freezing. Fluorescence of FM1-43 and autofluorescence of chlorophylls in chloroplasts were observed with a disc-scanning confocal fluorescence microscope. Confocal images of an optical section near the top surface of a protoplast are shown. Merged images of FM1-43 fluorescence (green) and autofluorescence of chlorophylls in chloroplasts (red) were captured at 08C before freezing (A) and at -48C after freezing (B). Areas highlighted with a rectangular box in A and B are magnified in C and D, respectively. Numbers in C and D indicate the identical chloroplast before and after freezing. Arrowheads indicate freeze-induced vesicular structures (FIVs). Bars in A, B and C, D indicate 10 and 2 mm, respectively.
Cryobehavior of plasma membrane 945 Fig. 2 Cryobehavior of FIVs in differently deformed protoplasts isolated from leaves of cold-acclimated Arabidopsis during extracellular freezing. Plasma membranes of protoplasts isolated from leaves of cold-acclimated Arabidopsis were observed using FM1-43 during
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Cryobehavior of plasma membrane suspension was linearly cooled from 08C at a rate of 0.18C min
À1
, extracellular freezing around the protoplasts occurred at approximately -2.58C. In our experimental system, ice crystals begin developing from the fixed ice nucleation site and spread across the protoplast suspension buffer, and then the space around protoplasts is occupied by spread ice crystals and unfrozen water with high osmolality. At the initiation of extracellular freezing, the plasma membrane of the protoplasts simultaneously became highly deformed, and many vesicular structures of 52 mm in diameter appeared (Movie 1 in Supplementary material). At -48C, these structures increased to approximately 3.3 mm in diameter on average (Fig. 1B) . To determine the spatial location of these structures in the protoplasts, FM1-43 fluorescence and autofluorescence of chlorophylls in chloroplasts were merged at each temperature. After extracellular freezing, the position of some chloroplasts changed as a result of the deformation of the protoplasts. The newly appeared structures did not correspond to either chloroplasts that had shifted position or the chloroplasts that remained in the same position (Fig. 1C,  D) . Interestingly, as temperatures decreased further, these new structures appeared to develop horizontally in the cytoplasmic region near the plasma membrane. Thus we referred to these structures as freeze-induced vesicular structures (FIVs).
Formation and development of FIVs
FIV formation and development in CA-protoplasts that were deformed isotropically and anisotropically were analyzed. In isotropically shrunken protoplasts, FIVs were uniformly distributed in the cytoplasmic region near the plasma membrane after extracellular freezing ( Fig. 2A) . In anisotropically shrunken protoplasts, FIVs were not observed near the portion of the plasma membrane that was greatly depressed into the cytosolic region, but were located near the less depressed region of the plasma membrane (Fig. 2B) . These results suggest that FIV formation is affected by membrane tension that changes with the degree of curvature of the plasma membrane. However, many characteristics of FIVs appeared to be common in both cases. For example, just after extracellular freezing occurred, the average diameter of the newly appeared FIVs was approximately 1.7 mm. These small FIVs gradually became larger as the temperature decreased, and some eventually fused with two or three neighbors when they contacted each other (arrowheads in Fig. 2A ). The shape of FIVs was initially circular, like secretion vesicles, but became deformed as they developed. FIVs occasionally fused with the plasma membrane (Fig. 3) . We observed exocytotic extrusions during extracellular freezing, (Fig. 2B  inset) , but it appeared that they were often removed by developing ice crystals (data not shown).
Cryobehavior of the plasma membrane in NA-protoplasts Next, we observed the cryobehavior of the plasma membrane in NA-protoplasts. Temperatures in the NA-protoplast suspension on the cooling stage were decreased from 0 to -38C at a rate of 0.18C min À1 . Before extracellular freezing, FM1-43 fluorescence was observed in the plasma membrane of NA-protoplasts (panel 1 in Fig. 4A ), which was similar to the results of CA-protoplasts. After extracellular freezing at -2.48C, the protoplasts were shrunken, but FIV-like vesicles did not form (panels 2 and 3 in Fig. 4A) . Interestingly, at a certain time after extracellular freezing (usually within 1 min), large vesicular structures began to appear (panels 4-8 in Fig. 4A ). Unlike FIVs, these structures suddenly appeared as large vesicles and did not increase in size during freezing (cf. Figs. 2A and 4A). To determine the spatial location of these structures in the protoplasts, FM1-43 fluorescence and autofluorescence of chlorophylls in chloroplasts at 0 and -38C were merged. Although autofluorescence in chloroplasts decreased or disappeared during extracellular freezing, the positions of the large vesicular structures in NA-protoplasts overlapped with those of chloroplasts (Fig. 4B ). Thus, it is possible that FM1-43 dye was transferred into the chloroplast envelope from the plasma membrane during freezing. These results suggest that the origin and formation process of the large vesicular structures observed in NA-protoplasts were quite different from those of FIVs in CA-protoplasts.
Behavior of FIVs during a freeze-thaw cycle
We analyzed the behavior of FIVs in CA-protoplasts during a freeze-thaw cycle. While FM1-43 mainly stained the surface area of the protoplasts (i.e. the plasma membrane) before extracellular freezing ( number of fluorescent FIVs appeared after extracellular freezing at -48C ( Fig. 5D-F) . Interestingly, FIVs disappeared but small particles remained in the cytosolic region after the extracellular ice crystals melted ( Fig. 5G-I ). These behaviors of FIVs during a freeze-thaw cycle led us to hypothesize that FIVs are derived from the plasma membrane. To test this hypothesis, we examined whether the fluorescent dye Alexa Fluor 488-conjugated dextran, which is soluble in the suspension buffer, was taken into the cytosolic region as vesicles during extracellular freezing and then released after thawing. When the CA-protoplasts were suspended in a buffer containing the Alexa Fluor 488-conjugated dextran, no fluorescence in the cytosolic region was observed before extracellular freezing ( Fig. 5J -L). However, several round structures, which had weak fluorescence and were approximately 12 mm in diameter, were observed after extracellular freezing at -48C, and then disappeared after thawing (Fig. 5M-O and P-R, respectively). These observations suggest that extracellular freezing results in a reversible action whereby a part of the plasma membrane of CA-protoplasts is retrieved and taken into the cytoplasmn and the internalized membrane is then reincorporated into the plasma membrane after thawing.
Quantitative analyses of changes in surface area and FIV area We analyzed the kinetics of the increase in the size of FIVs in relation to the surface area reduction of a protoplast. The surface and FIV areas were semicomputationally measured during freezing using timelapsed confocal fluorescence images and image analysis software. Because the temperatures at which extracellular freezing started were slightly different among experiments, the zero time point in each experiment was designated as the point just after freezing (Fig. 6 ). The osmolality of unfrozen solution was calculated from averaged temperatures of the experiments (Towill and Mazur 1976) (Fig. 6A ). Upon freezing, the osmolality of the solution suddenly increased and then continued to increase linearly. To quantify the changes in surface area of the protoplasts with various sizes, the surface area at each temperature was normalized to that just before freezing. Calculation of the rate of change in surface area revealed that the surface area suddenly decreased up to 60 s after freezing (the initial stage of extracellular freezing), but then the surface area gradually decreased to an approximately constant value (Fig. 6B) . These results indicate that the severe deformation of protoplasts occurred at the initial stage of extracellular freezing within 60 s but deformation subsequently became less. When the area of a single FIV was calculated from the total number and the summed area of FIVs, the area of a single FIV increased rapidly during the initial stage of extracellular freezing, and the rate of change in FIV area gradually reduced to zero (Fig. 6C) . In this time period, there was a very high correlation (R 2 ¼ 0.96) between the single FIV area and the surface area (Fig. 6D ).
Osmotic dehydration is not sufficient to develop FIVs
The physical stress exerted by extracellular freezing upon the plasma membrane basically consists of two different stresses, i.e. dehydration and mechanical stress. To determine the effect of simple dehydration stress on FIV formation, the osmolality of suspension buffer containing CA-protoplasts stained with FM1-43 was gradually increased by addition of concentrated sorbitol solutions ( Fig. 7C-H) . Final sorbitol concentrations of 1.1, 1.6 and 2.2 M were used, which corresponded to the calculated osmolality of unfrozen solutions at -2, -3 and -48C, respectively. Exocytotic extrusions were often observed on the surface of the protoplasts in 1.1 M sorbitol solution, Fig. 3 Fusion of FIVs with the plasma membrane of protoplasts isolated from leaves of cold-acclimated Arabidopsis during temperature decrease. Plasma membrane of a protoplast isolated from leaves of cold-acclimated Arabidopsis was visualized using FM1-43 and observed during extracellular freezing. Time-lapse confocal images of FM1-43 fluorescence of an optical section, which is near the top surface of the protoplast, are shown. Suspension buffer started freezing at -2.858C, and then FIVs appeared in the cytoplasmic region near the plasma membrane (data not shown). The plasma membrane of the protoplast was invaginated into the cytoplasmic region. At -3.308C, the edge of the protoplast plasma membrane (arrow) contacted an FIV (arrowhead). The plasma membrane and FIV then appeared to fuse at -3.458C. The plasma membrane-FIV fusion was again observed (slim arrowhead) as the temperature decreased. Bar indicates 10 mm.
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Cryobehavior of plasma membrane and the number and length of the extrusions increased when the sorbitol concentration was increased to 2.2 M (Fig. 7A-H) . In some, but not all, protoplasts, a few small vesicular structures resembling FIVs appeared on the surface (Fig. 7C ), but these were not observed at the 2.2 M sorbitol concentration (Fig. 7G) . These results suggest that osmotic dehydration induces formation of FIVs, but is not sufficient to cause an increase in their size.
Deformation of CA-protoplasts by oppression stress induces small FIVs To test the effect of mechanical oppression by ice crystal growth on FIV formation, we next adapted the method described by Takamatsu et al. (2005) to apply mechanical stress to cells. CA-protoplasts in a suspension buffer containing FM1-43 were placed between a coverslip and a slide glass with thick ($100 mm) or thin ($12 mm) spacers (Fig. 8A) . When protoplasts were not subjected to mechanical stress (i.e. when the thick spacers were used), FM1-43 fluorescence was observed only on the surface of the protoplasts (Fig. 8B-G) . Use of the thin spacers resulted in mechanical stress being applied to protoplasts as shown in Fig. 8A . In this case, a large number of small vesicular structures with diameters of51 mm were observed at the site where the plasma membrane of the deformed protoplasts touched the slide glass (Fig. 8E, F) but not in the middle of protoplasts (Fig. 8G ). In addition, the small vesicular structures in each protoplast varied in size (Fig. 8H ). Some were 1.5-2 mm in diameter, and their shapes were very similar to newly appeared FIVs at the initial stage of extracellular freezing (compare Fig. 2A with Fig. 8H ).
Discussion
During extracellular freezing, the plasma membrane of plant cells suffers not only dehydration but also mechanical stress. In fact, some electron microscopy studies have shown that plant cells in tissues are mechanically deformed by extracellular ice crystals (Fujikawa et al. 1999) . To understand mechanical stress tolerance, the regulation of the tension of the plasma membrane may be one of the most important clues. This idea can be interpreted by the hypothesis of SAR. The SAR hypothesis is simply stated as follows: surface area is added locally from endomembranes when the tension of the membrane increases locally and, vice versa, a local decrease in plasma membrane tension leads to the localized retrieval of excess surface area (Mills and Morris 1998 , Raucher and Sheetz 1999 , Morris and Homann 2001 . SAR maintains the tension of the plasma membrane at a constant value in eukaryotes, including plants. Based on our results, we propose that FIVs result from SAR to control the tension of the plasma membrane during freeze-thawing.
Surface area regulation during freezing leads to formation of FIVs
With CA-Arabidopsis protoplasts stained with a lipophilic fluorescence dye FM1-43, we observed that many large vesicular structures, referred to as FIVs, appeared in the cytoplasmic region near the plasma membrane after extracellular freezing (Fig. 1) . This result suggests two possibilities: (i) the excess plasma membrane is retrieved into the cytoplasm when the protoplast is shrunken by freeze-induced dehydration; or (ii) FM1-43 leaks into the cytoplasm and stains some endomembranes when membrane disruption occurs as a result of deformation of the plasma membrane. Because FM1-43 is diffusible in aqueous solutions, FM1-43 would stain not only FIVs but also the other organelles (e.g. chloroplasts) if it leaked Cryobehavior of plasma membrane 953 into the cytoplasm. However, our results clearly showed that the chloroplasts near FIVs were not stained by FM1-43 during freezing (Fig. 1D) . In addition, when the CA-protoplasts were frozen in suspension buffer containing a membrane-impermeable fluorescent marker, Alexa Fluor 488-conjugated dextran, the fluorescent marker was localized in the cytoplasmic region near the plasma membrane as round-shaped structures that were morphologically similar to FIVs (Fig. 5M) . If all FIVs shown in Fig. 1 already existed in the cytoplasm before freezing and were stained after freezing simply because of the leakage of FM1-43 into the cytoplasm, FIVs with the fluorescent marker would not appear as shown in Fig. 5M during freezing. Furthermore, if FIVs became visible as a result of FM1-43 leaking from the damaged sites of the plasma membrane, the number of FIVs would increase further during the freezing process. However, this is not the case and we did not observe an increase in the number of FIVs as the temperature decreased ( Fig. 2A) . These results are therefore consistent with our hypothesis that FIVs result from the retrieved plasma membrane. The retrieved plasma membrane related to SAR has been observed in many morphological studies. For instance, in molluscan neurons, invaginations of the plasma membrane into the cytoplasm, referred to as vacuole-like dilations (VLDs), occur as cells shrink during hypertonic treatments, and disappear during hypotonic-induced swelling. These VLDs form and de-form repeatedly at their previous sites during repeated swell/shrink cycles Morris 1998, Reuzeau et al. 1995) . A recent study using intestine cells indicated that SAR during swelling of the cells is related to endocytosis and exocytosis systems (van der Wijk et al. 2003) . Thus, the question arises of whether or not FIVs form as a result of the SAR of the plasma membrane. During temperature decrease, the osmolality of unfrozen suspension buffer increases. As shown in Fig. 4 , there was a strong inverse correlation between the area increase of a single FIV and the decrease in surface area of a protoplast during freezing. This suggests that the protoplast regulates its own surface area by retrieving the excess plasma membrane as FIVs during freeze-induced dehydration. In reverse, the thaw-induced rehydration forces reformation of the plasma membrane from the shrunken and irregular shape into the expanded, spherical shape to regain the original surface area. FIVs appeared to be incorporated into the plasma membrane during the thawing process, and almost all FIVs disappeared after thawing (Fig. 4G-I and 4P-R) . These results suggest that the plasma membrane is fused with the FIVs, which function as the accessible 'endomembranes' (Fig. 3) , to avoid bursting the plasma membrane when surface area increases during thawing. Thus, we propose that CA-protoplasts regulate their own surface area by FIV formation from, or FIV fusion with, the plasma membrane during the freezethawing process.
Relationship between FIV formation and membrane tension
Using NA-or CA-protoplasts isolated from rye leaves, Wolfe and colleagues revealed that the plant plasma membrane possesses a high elastic modulus in the stressstrain relationship. This enables a remarkable increase in tension by a small expansion of surface area Steponkus 1983, Wolfe et al. 1986 ). On the other hand, when the plasma membrane was expanded, the tension temporarily increased but subsequently quickly decreased, and, as a consequence, the resting tension was kept at a low constant value. From these results, they proposed the initial concept of SAR, which predicts the existence of endocytotic and exocytotic mechanisms that regulate the surface area tension of protoplasts. Thus, the tension change in the plasma membrane of CA-Arabidopsis protoplasts during the freeze-thawing process may be one important factor that results in the formation and fusion of FIVs. In addition, cooling to subzero temperatures does not trigger FIV formation, because FIVs were not observed in supercooled solutions even at -48C (data not shown). The tension change in the plasma membrane during freezing is expected to be complex, because freeze-induced dehydration may decrease the membrane tension, but oppression from ice crystals may simultaneously increase the tension of localized regions of the plasma membrane. Thus, further research on membrane behavior during osmotic dehydration or mechanical oppression at non-freezing temperatures is required to understand the relationship between FIV formation and membrane tension.
In Fig. 6 , protoplasts were slowly dehydrated by gradual additions of a hypertonic solution to avoid the mechanical stress induced by rapid dehydration. In this case, osmotic dehydration in CA-protoplasts was able to induce FIVs but was not sufficient for FIVs to develop further, suggesting that SAR barely functions during osmotic dehydration in CA-protoplasts. This idea is supported by the report of Dowgert et al. (1987) , in which the resting tension of CA-protoplasts decreased to values close to zero in a hypertonic solution, and did not revert to the initial value determined before dehydration. As shown in Fig. 7F , small vesicular structures were observed when the protoplasts were forcibly deformed by oppression. These structures appeared to be identical to FIVs in both origin and morphology, because (i) they were stained with FM1-43; (ii) chloroplasts were not stained by FM1-43; (iii) their localization was in the cytoplasmic region near the plasma membrane; and (iv) their size (approximately 1 mm in diameter) was very similar to that of the initial size of FIVs after extracellular freezing. Thus, it can be proposed 954 Cryobehavior of plasma membrane that FIVs are triggered by mechanical deformation but not by dehydration-induced deformation.
Cryobehavior in NA-or CA-protoplasts of Arabidopsis and winter rye Using bright-field microscopy with a computational edge-enhancement technique, NA-protoplasts of winter rye, but not CA-protoplasts, showed endocytotic vesiculation during freeze-induced dehydration (Dowgert and Steponkus 1984) . Furthermore, endocytotic vesicles in NA-protoplasts of winter rye were not incorporated into the plasma membrane during thawing, and, consequently, the protoplasts lysed during osmotic expansion after thawing of the suspension buffer. This is referred to as EIL (Gordon-Kam and Steponkus 1984, Uemura et al. 2006) . This means that the SAR in NA-protoplasts of winter rye is insufficient to avoid EIL after thawing, and that the endocytotic vesiculation may not result from SAR. Here, it should be emphasized that, although the endocytotic vesiculation in NA-protoplasts of winter rye resembles FIV formation in CA-protoplasts of Arabidopsis, the two phenomena are quite different. There are two major differences: first, FIVs could not be detected by brightfield microscopy in CA-protoplasts of Arabidopsis (data not shown), suggesting that the size and form of FIVs are different from the endocytotic vesicles observed in winter rye. Secondly, FIVs can incorporate into the plasma membrane during thawing but endocytotic vesicles cannot (Fig. 3) .
Our results showed that the cryobehavior of NA-protoplasts was quite different from that of CA-protoplasts in Arabidopsis: FIV-like structures or endocytotic vesicles derived from the plasma membrane were not observed (Fig. 4) . Instead, the chloroplasts in NA-protoplasts were stained by FM1-43 during freezing, suggesting that the plasma membrane may have fused, or semi-fused, with chloroplast envelopes. This is supported by the observation that freezing causes plasma membranes and chloroplast envelopes to undergo a conformational change to the hexagonal II phase (H II ) in NA-protoplasts of Arabidopsis (Uemura et al. 1995) . In addition, we previously demonstrated that EIL was responsible for 19-28% of freezing injury over the temperature range of -2 to -48C (Kawamura and Uemura 2002) , although it is unclear how EIL occurs in NA-protoplasts of Arabidopsis. Therefore, the phenomena observed in NA-protoplasts of Arabidopsis and winter rye are probably associated with injuries to the plasma membrane such as H II formation and EIL.
Although exocytotic extrusions of the plasma membrane were observed in Arabidopsis CA-protoplasts, there were remarkably fewer extrusions during freezing than during osmotic dehydration (cf. Figs. 2B and 6 ). This suggests that much of the extra plasma membrane is retrieved as FIVs into the cytoplasmic region during freezing. Interestingly, exocytotic extrusions often seemed to be detached from the protoplast surface during freezing (data not shown). This is consistent with the findings that detachment of exocytotic extrusions can occur in CA-protoplasts of winter rye during osmotic dehydration (Dowgert et al. 1987) . These results suggest that exocytotic extrusions cannot function in SAR in the CA-protoplasts during freeze-thawing because of their fragility. Thus, during freeze-thawing, avoidance of EIL of protoplasts may be strongly associated with FIVs and less with exocytotic extrusions. In addition, the incorporation of FIVs into the plasma membrane during a decrease in temperature as shown in Fig. 3 may reflect the capability of FIVs to fuse with the plasma membrane, which is also necessary to relax the stress upon the plasma membrane during freezing.
Surface area regulation in cells with intact walls
As shown in this report, the protoplast system has practical advantages to observe the cryobehavior of the plasma membrane in plant cells. For example, in the protoplast system, the intrusion of ice crystals between cells and the microscopic lens is avoided by fixing cells on a coverslip coated with polylysine, and protoplasts can be observed during freezing with higher resolution. Nevertheless, it is necessary to study the cryobehavior of the plasma membrane in cells with intact walls to determine the effect of the cell wall on the plasma membrane. Thus, we attempted to use epidermal cells as a model for cells with intact walls, although it was difficult to obtain high resolution pictures in this system ( Supplementary Fig. S1 ). Freezing caused drastic deformation of cells, and some gaps appeared between neighboring cells that were tightly adjacent before freezing. This result suggests that ice crystals formed in the intercellular space and resulted in mechanical stress on the plasma membrane. In this situation, we observed the vesicle-like structures in the cytoplasmic region near the plasma membrane. Furthermore, these structures disappeared after thawing, suggesting that they were comprised of the retrieved plasma membrane, which is similar to FIVs. Thus, even in walled cells, SAR may function when cells are exposed to freeze-induced mechanical stress. Finally, from the results of this study, we propose that SAR may be required to tolerate the rapid change of surface area during freeze-thawing in both CA-protoplasts and cold-acclimated leaves.
Materials and Methods
Plant culture conditions
Seeds of Arabidopsis thaliana L. Heyn ecotype Columbia were planted and grown as described previously . Cold-acclimated plants were obtained by subjecting Cryobehavior of plasma membrane4-week-old plants to a temperature of 28C for 7 d (12 h photoperiod and 125 mE m -2 s -1 at soil level).
Isolation of protoplasts from Arabidopsis leaves
Mesophyll protoplasts were enzymatically isolated from coldacclimated leaves according to the method described previously (Uemura et al. 1995, Kawamura and . The protoplasts were suspended in a protoplast suspension buffer (PS buffer) containing 1 mM MES-KOH (pH 5.7) and 1 mM CaCl 2 . Sorbitol concentration was adjusted to 0.4 M for protoplasts isolated from non-acclimated plants or 0.6 M for protoplasts from plants cold acclimated for 7 d to maintain isotonic conditions. The protoplast suspension was kept at 48C until use.
Visualization of plasma membrane and cryomicroscopy
The plasma membrane of protoplasts was stained using a lipophilic fluorescent dye FM1-43 (Molecular Probes, Leiden, The Netherlands). The concentrations of FM1-43, KCl, and CaCl 2 in the PS buffer were adjusted to 16 mM, 10 mM and 10 mM, respectively. In the experiment in Fig. 5 , 25 mM Alexa Fluor 488-conjugated dextran, molecular weight 10 000 Da (Molecular Probes), was substituted for FM1-43. For cryomicroscopic observations, a small amount of the protoplast suspension in PS buffer with FM1-43 was sandwiched between a coverslip coated with 10 mg ml -1 polylysine and a non-polylysine-coated coverslip with 50 mm spacers. All edges were sealed with silicon grease to prevent the desiccation of the sample PS buffer. The prepared sample was placed on a cooling stage Type 10002 (THMS600; Linkam, Bicester, UK), which was attached to a confocal fluorescent microscope BX-61 with a disc-scanning unit (Olympus, Tokyo, Japan). The polylysine-coated coverslip, where protoplasts were attached, was always uppermost on the cooling stage to ensure that the observation of protoplasts during freezing was not disturbed by ice formation. For FM1-43 fluorescence and autofluorescence of chlorophylls in chloroplasts, the filters U-MNIBA2 and U-MWIG2 (Olympus) were used, respectively. The fluorescence in optical sections was captured by a cooling monochrome CCD camera CoolSNAP HQ (Photometrics, Tucson, AZ, USA) and imaged by the imaging software SlideBook (Intelligent Imaging Innovations, Denver, CO, USA).
Quantitative analysis of plasma membrane cryobehavior
Protoplasts were cooled from 0 to -4 or -38C at a rate of 0.18C min À1 and then thawed to 08C at a rate of 58C min
À1
. Confocal fluorescent images of optical sections of protoplasts at 5 mm intervals were captured at 30 s intervals, with an exposure time of 2.5 s. From the captured images, the outlines of protoplasts and FIVs were selected manually, and their features (e.g. surface area and number) were determined with the SlideBook program. The time at which extracellular freezing started around protoplasts was defined as the time when the protoplasts were deformed. The theoretically calculated osmolality (Osm) of the PS buffer at a subzero temperature was obtained from the equation, (273 À T)/1.86, where T is the absolute temperature, assuming that the intracellular solution behaves ideally (Towill and Mazur 1976) . The measured values were analyzed by statistical processing software and then were plotted with the data after extracellular freezing.
Osmotic dehydration and oppression analysis of protoplast behavior
To analyze the effect of osmotic dehydration on protoplast behavior, an equal amount of 1.6, 2.6 and 3.8 M sorbitol solution (pH 5.7, containing 1 mM MES-KOH, 1 mM CaCl 2 , 10 mM KCl and 16 mM FM1-43) was added into the protoplast suspension with 0.6 M sorbitol and FM1-43 to obtain a final sorbitol solution of 1.1, 1.6 and 2.2 M, respectively. These three sorbitol concentrations of the suspension medium were chosen to obtain the osmolality equivalent to the unfrozen sorbitol at -2, -3 and -48C, respectively. To avoid mechanical stress to the protoplasts, the concentrated sorbitol solution was gradually added over a period of 20 min (1.1 M), 30 min (1.6 M) or 40 min (2.2 M). The protoplast suspension with FM1-43 was immediately placed on the polylysine-coated coverslip, and observed with the confocal fluorescent microscope at room temperature. The confocal images of optical sections of protoplasts were captured as described above.
In the analysis of oppression stress, the sample was prepared according to the method described above except for the spacer. Two kinds of spacers were used: single-layered aluminum sheets (approximately 12 mm thick) for the thin spacer, and doublelayered sheets (approximately 100 mm thick) for the thick spacer. The polylysine-coated coverslip on which protoplasts were anchored was placed on a glass slide with thick or thin spacers, and protoplasts were located between the coverslip and the slide glass as shown in Fig. 7A . Confocal fluorescent images of optical sections of protoplasts at 2 mm intervals were immediately captured at room temperature and then deconvolved and reconstructed as three-dimensional images using SlideBook software.
